ABSTRACT Economic and biological consequences are associated with exotic ambrosia beetles and their fungal associates. Despite this, knowledge of ambrosia beetles and their ecological interactions remain poorly understood, especially in the oakÐ hickory forest region. We examined how forest stand and site characteristics inßuenced ambrosia beetle habitat use as evaluated by species richness and abundance of ambrosia beetles, both the native component and individual exotic species. We documented the species composition of the ambrosia beetle community, ßight activity, and habitat use over a 2-yr period by placing ßight traps in regenerating clearcuts and older oakÐ hickory forest stands differing in topographic aspect. The ambrosia beetle community consisted of 20 species with exotic ambrosia beetle species dominating the community. Similar percentages of exotic ambrosia beetles occurred among the four forest habitats despite differences in stand age and aspect. Stand characteristics, such as stand age and forest structure, inßuenced ambrosia beetle richness and the abundances of a few exotic ambrosia beetle species and the native ambrosia beetle component. Topographic aspect had little inßuence on ambrosia beetle abundance or species richness. Older forests typically have more host material than younger forests and our results may be related to the amount of dead wood present. Different forms of forest management may not alter the percent contribution of exotic ambrosia beetles to the ambrosia beetle community.
Wood boring beetles in the Scolytinae subfamily (Curculionidae) are commonly intercepted at ports world-wide (Haack 2006) . At least 18 exotic ambrosia beetle species are established in the eastern United States (Rabaglia et al. 2006, Hoebeke and . Located in the sapwood, fungal feeding ambrosia beetles are difÞcult to detect and often survive transglobal shipping. Inbreeding ambrosia beetles (Xyleborini tribe), not susceptible to inbreeding depression or mate Þnding risks, are particularly suited to establishment (Jordal et al. 2001) . Further, most ambrosia beetles are host generalists (Wood 1982) .
Exotic ambrosia beetle establishment has severe economic and biological consequences. Fungal symbionts of ambrosia beetles (e.g., Raffaelea, Ambrosiella) are closely related to Ceratocystis and Ophiostoma genera that include several important tree pathogens. The exotic redbay ambrosia beetle vectors Raffaelea lauricola (Harrington, Fraedrich and Aghayeva), a pathogen responsible for widespread mortality of redbay trees (Persea borbonia [L.] Spreng) and that also affects avocado (P. Fraedrich et al. 2008) . These trees and shrubs are important food sources for wildlife and hosts of the spicebush swallowtail (Papilio troilus L.) and the Palamedes swallowtail (Papilio palamedes Drury). Exotic ambrosia beetles also attack and kill trees in nurseries, orchards, and plantations (Weber and McPherson 1985 , Kovach 1986 , Oliver and Mannion 2001 , Coyle et al. 2005 , and Xyleborus species are high risk quarantine pests that affect trade (CABI 2005) . Further, invasive exotic species result in biotic homogenization at regional and global scales, alter community dynamics and are associated with native species declines and extinctions (Lockwood et al. 2007 ).
Thirty-four ambrosia beetle species are considered native to the eastern United States (Atkinson et al. 1990 ). Native ambrosia beetles facilitate the early stages of wood decomposition by introducing fungi to dead and dying trees and forming tunnels that become transportation pathways for other wood decomposers. Native ambrosia beetles cause economic damage to harvested logs when fungi associated with ambrosia beetle galleries discolor wood (McLean 1985) . Despite their importance, neither habitat characteristics nor species composition of ambrosia beetle communities in forest ecosystems is well understood. This is especially true concerning the role and status of exotic species in forests, in part because most ambrosia beetle surveys have occurred in urban or nursery settings Mannion 2001, Rabaglia et al. 2008) .
First detections of exotic ambrosia beetle species often occur in coastal regions surrounding port cities and at inland shipping sites that receive international goods (Haack 2006) . Exotic ambrosia beetles likely establish in coastal regions and are later transported to the interior United States in wood packing material and nursery stock. Despite the large spatial extent of the oak hickory forest and the many social and economic beneÞts it provides, no ambrosia beetle research has occurred in the oakÐ hickory forest region since the 1970s and the number of exotic ambrosia beetle species in the oakÐ hickory forest region, their importance, and their use of the forest remains undocumented. Such information is necessary to develop more targeted research, to aid in management and conservation, and to make local detection programs more efÞcient.
The primary objective was to describe an ambrosia beetle community and its ßight patterns in an oakÐ hickory forest of central Missouri. To accomplish this objective, we performed a 2-yr trapping study in a second growth oakÐ hickory forest located in central Missouri to determine the species composition of the ambrosia beetle community, species abundances, and ßight activities. A second objective was to determine if differing forest stand and site characteristics represented important habitat differences for ambrosia beetles. SpeciÞcally, we hypothesized that ambrosia beetle abundance and richness differed among forests of varying age and topographic aspects (NÐNE, SÐSW). We chose stand age and site aspect because these characteristics inßuence forest structure, tree vigor, and host material abundance, and tree vigor and host material abundance inßuence bark beetle abundance (Harmon et al. 1986 , Fettig et al. 2007 . Tree vigor may be related to ambrosia beetle abundance because some exotic ambrosia beetles attack apparently healthy trees and native ambrosia beetles attack severely stressed trees (Wood 1982 , Coyle et al. 2005 . The third objective was to determine if differences in stand structure explained ambrosia beetle abundances. We hypothesized that variations in understory and overstory tree density and basal area inßuenced the abundance of ambrosia beetles.
Materials and Methods
Study Area and Design. This 2-yr study took place at the 906.5 ha University of Missouri Baskett Wildlife Research and Education Area (BREA) in Boone County, MO (38Њ N, 92Њ W). BREA is located within the Outer Ozark Border ecological subsection, a region bordering the Missouri River and composed of deeply dissected hills, bluffs, and karst plains; rugged areas are covered by second growth oak and mixed hardwood forests (Nigh and Schroeder 2002 Lindgren 1983) . In each site, we placed traps at approximately midslope and at least 30 m apart. Traps collected insects 1Ð2 m from the ground, a height known to collect a diverse assemblage of ambrosia beetle species (Roling and Kearby 1975 , Atkinson et al. 1988 , Weber and McPherson 1991 (Wood 1982 , Rabaglia et al. 2006 . We deposited voucher specimens in the Enns Entomology Museum at the University of Missouri.
Site and Stand Characterizations. We assessed stand structure by determining over-and understory basal area (m 2 /ha), relative dominance and density (%), and tree density (trees/ha) using Þxed area plots in each of the 12 sites. A 0.04 ha plot established midslope, centrally located among traps, was used to sample overstory trees (Ͼ10 cm) in each site. A nested plot (0.01 ha) was used to measure trees Յ10.0 cm to determine understory cover and composition. All individual trees were identiÞed to species and diameters measured at 1.3 m height.
Analyses. Using EstimateS software, we compared the ambrosia beetle diversity, estimated species richness, and similarity of trap collections for the four habitat types (Colwell 2005) . To estimate species richness, we chose the incidence coverage estimator (ICE). ICE incorporates incidence data and focuses on the number of infrequent species found in Յ10 samples (Magurran 2004) . The ICE estimator performs well for small sample sizes and is less sensitive to patchiness than abundance based estimators (Chazdon et al. 1998) . EstimateS performed 50 randomized runs for each estimate.
Using EstimateS to calculcate Sørensen quantitative index values, we measured similarity of the ambrosia beetle community among the four forest types using weekly trap collections (Colwell 2005) . To compare diversity among the four forest types, we used the EstimateS program to calculate a mean ShannonÕs diversity value and the bootstrap standard deviation (Colwell 2005) . For diversity indices, such as ShannonÕs, that are sensitive to sampling size (Magurran 2004) , the bootstrap technique permits comparison among sites. Using the natural log, a separate ShannonÕs value was calculated to describe the diversity and evenness (Magurran 2004 ) of the entire ambrosia beetle community, similar to other bark and ambrosia beetle studies (Coyle et al. 2005) .
To determine if differences in stand age and aspect represented differences in total ambrosia beetle abundance, we used repeated measures analysis of variance (ANOVA) to analyze 2007 and 2008 abundance data (PROC MIXED, SAS Institute Inc. 2004 We also examined if stand age and aspect inßuenced the abundance of each exotic species and the native component using repeated measures ANOVA. The repeated measures ANOVA contained two between subject treatments (age, aspect) and the within subject factor was time (collection week). We used the compound covariance structure for all repeated measures ANOVA analyses (Littel et al. 2000) . The repeated measures ANOVA assumes equal intervals between time periods; therefore, weekly trap collections were converted to twice per month (bi-monthly). Mean abundance (individuals per trap per site) was calculated to account for differences in sampling effort. We normalized the bi-monthly total abundance data (X ϩ1) by using a reciprocal transformation (Quinn and Keough 2002) , and rank transformed bi-monthly abundance data for each species and the native component (Conover and Iman 1981) . For non-normal data, repeated measures analyses and multicomparison tests performed using rank transformed data are robust and powerful (Conover and Iman 1981) . We grouped the abundances of native ambrosia beetle species because we collected too few individuals of each species to perform meaningful single species analyses. We used FisherÕs protected least signiÞcant difference (LSD) for post hoc comparisons (␣ ϭ 0.05) for all repeated measures ANOVA and ANOVA analyses.
We tested the effects of stand age and aspect on ambrosia beetle species richness using ANOVA (Proc GLM). In this analysis, species richness is a count of species observed. We calculated a single species richness data value for each trap during the 2-yr period and then calculated the mean species richness per site to account for differences in sampling effort among sites. ANOVA was also used to determine if stands differing in age and aspect represented differences in tree density and basal area.
Using linear regression, we tested the relationship between stand characteristics (basal area, tree density) and abundances for the native component and each exotic speciesÕ response to age or aspect. For these analyses, abundance data were pooled for each trap over the 2-yr period and averaged by site to limit the effects of seasonal variation. In this case, we used a reciprocal transformation for the abundance of the native component and we square root transformed species abundances to Þt the normal distribution (Quinn and Keough 2002) .
Results
Ambrosia Beetle Community. The 2-yr trapping effort resulted in the collection of 3,241 ambrosia beetle specimens among 20 ambrosia beetle species (Table 1). Five exotic ambrosia beetle species dominated the specimen collection both years: Xyleborinus saxeseni Ratzeburg, Xylosandrus crassiusculus Motschulsky, Xyleborus atratus Eichhoff, X. californicus, and X. germanus (Table 1) . Two other less abundant exotic species, Am. rubricollis and X. pelliculosus, also occurred in the samples. Exotic specimens accounted for 87% of individuals collected both years. Although we collected more specimens in 2007, the percent relative abundance varied little between years for most species. An exception was the increase in X. atratus (13.3%) and decrease in X. crassiusculus (Ϫ15.6%) between 2007 and 2008.
For the 2 yr period, traps in older, SÐSW forests had 89% more ambrosia beetles per trap than younger SÐSW forests, 28% more ambrosia beetles per trap than younger, NÐNE forests and 12% more ambrosia beetles per trap than older, NÐNE forests (Table 2) . Exotic ambrosia beetle individuals made up 85Ð 89% of the total trap collections for each forest type. Each of the seven exotic ambrosia beetle species occurred in all four forest types. The estimated total ambrosia beetle species richness was the same as or slightly more than the observed richness for each forest type ( Table 2) . Each of the four ICE curves reached an asymptote before total sample accumulation. Shannon diversity values did not differ among the four forest types (Table 2). For the entire survey, the Shannon diversity value was 2.68 and the evenness value was 0.89. Comparison of the ambrosia beetle community among the four forest types revealed intermediate levels of similarity (Table 3) . (Fig. 1A) . X. saxeseni, X. californicus, X. germanus, and Monarthrum fasciatum (Say), were consistently collected throughout the trapping period in one or both years, whereas X. crassiusculus, X. atratus, Xyleborus ferrugineus (Fabricius), and Anisandrus sayi Hopkins were collected only during brief periods both years (Fig. 1BÐI) . Flight activity of abundant native and exotic species began at similar times except the native species, X. ferrugineus exhibited peak activity in June, later than all other species (Fig. 1G) .
Stand Age and Aspect. Older forests (10.33 Ϯ 0.042) had more ambrosia beetle species per trap than younger stands (9.03 Ϯ 0.80; F ϭ 17.33; df ϭ 1, 12; P ϭ 0.0032). Older forests also had slightly greater estimated species richness than younger stands but conÞdence intervals overlapped when we made comparisons at similar levels of ambrosia beetle abundance (Fig. 2) . We also found more ambrosia beetles in older than younger stands both years (2007, F ϭ 15.07; df ϭ 1, 8; P ϭ 0.0047; 2008, F ϭ 12.02; df ϭ 1, 8; P ϭ 0.0085; Fig. 3 ). More ambrosia beetles (age ϫ time; 2007, F ϭ 1.86; df ϭ 13, 104; P ϭ 0.0433; 2008, F ϭ 1.85; df ϭ 14, 112; P ϭ 0.0395) were found in older sites than younger sites between June and September (2007, 2008) but there were no differences before June. Aspect did not affect ambrosia beetle abundance either year (P Ͼ 0.05).
We collected more X. saxeseni (2007, 2008) and X. californicus specimens in older forests than younger Table 4 ). We also observed this trend for X. germanus, X. crassisuculus, X. atratus, and the native component both years but the trend was not signiÞ-cant.
Site and Stand Characteristics. For all sites, oak (Quercus spp.) and sugar maple (Acer saccharum Marshall) accounted for most of the overstory basal area, and sugar maple dominated the understory (Table 5) . As expected, older forests supported greater overstory basal area (F ϭ 61.21; df ϭ 3, 8; P Ͻ 0.001) but less understory basal area (F ϭ 11.89; df ϭ 3, 8; P ϭ 0.0089) and density (F ϭ 9.70; df ϭ 3, 8; P ϭ 0.0143) than younger forests. Overstory density (stems/ha) did not differ among age treatments (F ϭ 5.09; df ϭ 3, 8; P ϭ 0.0541). Sites differing in aspect were similar in stand composition and structure (P Ͼ 0.05); however, SÐSW aspects had greater overstory tree density than NÐNE aspects (F ϭ 6.87; df ϭ 3, 8; P ϭ 0.0306).
Abundance of the native component increased with decreasing understory basal area and overstory tree density (R 2 ϭ 0.70; F ϭ 10.45; P ϭ 0.0045; df ϭ 2, 9; Fig.  4 ). A younger stand had the most native ambrosia beetles followed by the six older stands (Fig. 4) . Forest structure did not explain the variation in the abundances of the Þve most abundant exotic species (P Ͼ 0.05).
Discussion
Much like recent nursery and plantation surveys Mannion 2001, Coyle et al. 2005) , exotic species dominated the ambrosia beetle community in central MissouriÕs oak hickory forest. Our survey documents the spread and successful establishment of ambrosia beetles to the oakÐ hickory forest region. Exotic ambrosia beetle species have been collected throughout the eastern United States (Rabaglia et al. 2006 ) and they dominate the ambrosia beetle community in a Louisiana mixed pineÐ hardwood forest (Ott 2007) and an Alabama coastal pine forest (Campbell et al. 2008) . In surveys since the 1990s, exotic ambrosia beetle specimens account for 79 Ð96% of the ambrosia beetles collected (Oliver and Mannion 2001 , Coyle et al. 2005 , Ott 2007 ). Our study also documents a 54% increase in local ambrosia beetle species richness because of the establishment of seven exotic ambrosia beetle species. These same seven exotic ambrosia beetle species are now established on multiple continents (Rabaglia et al. 2006) .
In Missouri, there is evidence to suggest that the shift from a native to an exotic-dominated community occurred within the past 30 yr. An extensive aerial trapping survey 117 miles southeast of our study site, and also in an oakÐ hickory forest (Dent County, MO) resulted in the collection of only one exotic species, X. saxeseni (Roling and Kearby 1975) , a European or possibly Asian species Þrst reported at U.S. ports in 1915 (Haack 2001 , Rabaglia et al. 2006 . At that time, X. saxeseni represented 41% of ambrosia beetle specimens collected (Roling and Kearby 1975) compared with 33% of the collection in this study. The Dent County survey collected eight ambrosia beetle species and of these, M. fasciatum was the most abundant. We assume that the exotic X. germanus was an early invader of central MissouriÕs forests since port entries Þrst report X. germanus in 1931 (Haack 2001) and it comprised 21% of the ambrosia beetles collected in an Illinois black walnut plantation during 1979 (Weber and McPherson 1984) . Other exotic species collected in our study were Þrst collected or reported in the United States between 1942 and 1988 (Haack 2001) .
The number of exotic ambrosia beetles species in this study was the same as or slightly greater than in other nursery and plantation surveys Mannion 2001, Coyle et al. 2005 ). Similar to other surveys, X. saxeseni dominated ambrosia beetle species at our oakÐ hickory forest, however, the percent contribution of X. saxeseni (33%) was less than reported in other surveys where X. saxeseni accounted for as much as 50 Ð70% of specimens (Turnbow and Franklin 1980 , Atkinson et al. 1988 , Weber and McPherson 1985 , Oliver and Mannion 2001 , Coyle et al. 2005 . Further, in this survey the six other exotic ambrosia beetle species contributed more to the total collection (53%) than in other surveys and this may be responsible for the large evenness score.
Both years, ßight activity for each of the abundant exotic and native ambrosia beetle species began in early or mid-April. Flight times in our survey were Fig. 2 . The ICE species richness estimate for ambrosia beetles in four forest types plotted as a function of the total number of individuals sampled using 14Ϫ15 traps. Forests differed in stand age (Ͻ69 or Ͻ24 yr) and aspect (NÐNE or SÐSW) and trap data represent the compilation of two collection years. The conÞdence intervals for older, NÐNE stands are shown to demonstrate overlap. similar to ßight times in Dent County, MO, and Alexander County, IL, surveys Kearby 1975, Weber and McPherson 1991) . Ambrosia beetle ßight occurred 1 mo later in Missouri than South Carolina (Coyle et al. 2005) . Most abundant exotic and native ambrosia beetle species had two, if not three ßight activity periods and we assume that this equates to two, possibly three generations per year. Multiple generations of X. saxeseni and X. crassiusculus also occur in southeastern states and is consistent with life-cycles of 48 Ð 62 and 55 d for X. crassiusculus and X. germanus in Tennessee and South Carolina (Kovach 1986, Oliver and Mannion 2001) . Three generations per year of M. fasciatum have been reported in Missouri previously (Roling and Kearby 1975) . In this survey, X. atratus only had one ßight activity period and X. ferrugineus individuals emerged 2 mo later than other abundant ambrosia beetle species. These two species may differ Results are shown for only those species whose abundance was inßuenced by stand age or aspect (P Ͻ 0.05). FisherÕs protected HSD was used to determine the signiÞcance of orthogonal contrasts (P Ͻ 0.05). from other ambrosia beetle species in their biology or use of host material; to our knowledge, no information exists that would explain these differences.
In this study, forest stand characteristics inßuenced ambrosia beetle abundance and the density of species per sampling unit but had little inßuence on diversity or the exotic proportion of the ambrosia beetle community. Abundance differences between older and younger stands were mainly because of X. saxeseni and X. californicus. We did not directly investigate the possible factors or mechanisms responsible for differences in ambrosia beetle abundance with stand age. One implication of stand age, however, is that older stands typically have more dead wood (Harmon et al. 1986 ). Ambrosia beetles species abundance and richness may be strongly inßuenced by host material abundance and size. For example, the abundance of X. saxeseni has been associated with the number of dead trees per hectare (Campbell et al. 2008) . In addition, the structural characteristics of stands with the most native ambrosia beetles, a few large diameter trees and less understory basal area, are similar to structural characteristics observed in forests transitioning to a later stage of succession (Oliver and Larson 1996) .
The relationship between forest age and dead wood abundance is typically J-shaped with the least amount of dead wood in middle stages of succession and more dead wood in the early and later stages of forest succession (Harmon 1986 ). Initially after a clearcut, severe competition among young trees leads to large amounts of small diameter dead wood, but dead wood inputs decrease as stands thin. In later succcessional stages, competition among trees and other mortality factors increase resulting in greater dead wood inputs, a greater diversity of dead wood sizes, and an accumulation of dead wood in various stages of decay. Saproxylic insect richness and abundance often increase with forest age and are thought to be related to greater host material abundance and the broad range of host sizes available (Grove 2002 , Similiä et al. 2003 . Large diameter dead wood appears to support more saproxylic insects than smaller dead wood, possibly because of the greater surface area and volume, the more stable internal microclimate, and its greater longevity (Grove 2002) . Dead wood size inßuences bark beetle host selection and survivorship by inßuencing phloem thickness, bark thickness, and moisture content (Schlyter and Anderbrandt 1993, Paine et al. 1997 ); a similar relationship likely exists for ambrosia beetles using xylem. For example, attack densities of Corthylus columbianus, M. fasciatum, and M. mali increase with host diameter (White and Giese 1968, Roling and Kearby 1977) .
Other factors, such as differences in stand microclimate and host seeking behavior, affect bark beetle distribution and may also explain why stand characteristics inßuence the abundance of some ambrosia beetle species. Microclimate varies with stand structure and is known to inßuence habitat and host selection of saproxylic insects (Bouget and Duelli 2004 , Fettig et al. 2007 , Vodka et al. 2009 ). Increased wind speed and temperature in thinned stands are considered deterrents to primary bark beetle ßight and reproductive success (Fettig et al. 2007) . Assuming that host searching is costly, the density of potential host material may also inßuence host seeking behavior of ambrosia beetles (Root 1973) . In one study, the ambrosia beetle, Trypodendron lineatum (Olivier) concentrated host searching in areas with more living host material or dead host stumps (Park and Reid 2007) . Other factors such as tree species identity inßuence bark beetle abundance as well but we did not investigate if host speciÞcity inßuenced ambrosia beetle abundance because most ambrosia beetle species, especially exotics, are broad host generalists (Wood 1982) .
Our ethanol baited Lindgren traps may have attracted some individuals beyond the younger stands. Pheromone baited Lindgren traps can attract some individuals from several hundred meters away even though the estimated effective sampling area is 0.1 ha (Turchin and Odendaal 1996) . Our collection results were consistent during the 2-yr period and we assume our results reßect actual differences in habitat use. The effective sampling area of Lindgren traps is difÞcult to determine because the effective sampling area decreases with increased tree density, wind speed, and stand structural complexity (Salom and McLean 1991a, b; Turchin and Odendaal 1996) .
Stand characteristics, such as age and structure, are altered by forest management practices. The stands in this study represent forests recently managed in an intensive way, that is, clearcuts, and decades old forests absent of management. In this study, neither management type inßuenced the proportional contribution of exotic ambrosia beetles or the presence of exotic ambrosia beetle species, but long-term lack of management increased the abundance of native and exotic ambrosia beetles, most likely because of an increase in dead wood. The research presented here reßects ambrosia beetle abundance and activity in a very small area of a large forested region in the central and eastern U.S. The implications of these Þndings, particularly the preponderance of exotic species in a representative second growth hardwood forest, could have far-reaching ecological and economic consequences.
